This study uses high quality, three-dimensional [3-D] seismic data to investigate the occurrence of strike-slip faults in the Swaen Graben, SW Barents Sea. The Swaen Graben is divided into two principal sub-basins:-SSB1 and SSB2. The along-strike and along-dip displacement variations and scale relationships are analyzed for forty-two [42] faults. The displacement profiles for these faults are complex in the Swaen Graben, showing clear evidence for polycyclic fault growth and marked synsedimentary activity. The observed variations in the displacement profiles indicate complex alongstrike segmentation, linkage and mechanical interactions at distinct structural levels. Along-dip displacement minima indicate fault reactivation by dip-linkage. Importantly, geometric evidence for strike-slip faulting in the Swaen graben includes the presence of extensional horsetail splay faults, positive flower structures and minor transfer faults. This study shows that the faults in the Swaen Graben developed under extensional regimes during Late Jurassic to Early Cretaceous rifting and were reactivated by regional stresses during the Late Cretaceous. The two principal strike-slip faults in the Swaen Graben reveal sinistral movement and are linked at a shallow depth by minor transfer faults at a relay zone. Our work further demonstrates the occurrence of Late Mesozoic strike-slip movements in the SW Barents Sea, which were induced by regional tectonics, halokinesis and fault block rotation. Importantly, strike-slip faulting in the region extends perhaps into the Cenozoic interacting with extension during the North Atlantic rifting.
Introduction
The tectonic evolution of the Swaen Graben and several other structural elements of the Barents Sea remains poorly understood mostly because of a general lack of stratigraphic control and high-quality data to constrain the structures and ages of several stratigraphic units in Northern Norway Omosanya et al., 2016] . Previous work that described the geology of the Barents Sea chiefly relied on the interpretation of regional gravity, magnetic and two-dimensional [2-D] seismic lines [Breivik et al., 1995 Faleide et al., 1993a; Gabrielsen, 1984; Gernigon and Brönner, 2012; Gudlaugsson et al., 1998 ]. These previous works suggested that the Barents Sea developed into a mosaic of basins, structural highs and platforms from the Paleozoic to the present through the interplay of complex episodes of orogenies and extensional pulses [Doré et al., 1999; Faleide et al., 1984; Henriksen et al., 2011; Smelror et al., 2009; Barrère et al., 2009] . The evolution of the Barents Sea is the product of the complex interaction of large-scale processes that were controlled by plate tectonics, changing climate, and depositional conditions over several million years [Doré, 1995; Faleide et al., 1984 Faleide et al., , 1993 Henriksen et al., 2011; Smelror et al., 2009; Barrère et al., 2009; Omosanya et al., 2015; Mattos et al., 2016] . Hence, several basins, structural highs, and platforms formed in the Barents Sea at different stages during the Late Paleozoic and Mesozoic [Doré, 1991; Gabrielsen, 1984; Nøttvedt et al., 1993; Ritzmann and Faleide, 2007] .
At a regional scale, the evolution of the Swaen Graben remains a subject of debate. This basin was first described as an extensional feature that originated during a major tectonic episode that affected the North Atlantic and Barents Sea regions during the Late Jurassic [e.g., Svånå 2013] . In this model, the Swaen Graben developed alongside the Asterias Fault Complex, the Eastern Flexure and the Loppa High . In a further investigation of the Southwest Barents Sea, Gabrielsen et al. [2011] highlighted the effect of strike-slip movement on the continental margin where the Swaen Graben is located. However, until the present, strike-slip movements along the eastern section of the Loppa High remained unclear within the regional 2-D seismic record. Instead, strike-slip that was related to tectonic inversion was recognized to the west and south of the Loppa High and was dated as Late Paleozoic, Mesozoic and Cenozoic [Gabrielsen et al., 2011; Safronova et al., 2014] . The oldest documented strike-slip events in the study area were interpreted to be right-lateral movements that were related to the post-Caledonian structuring of the Barents Sea [Faleide et al., 1984; Gabrielsen et al., 2011] . A positive flower-like structure was observed in the Aptian-Hauterivian strata along the western segment of the Asterias Fault Complex. The youngest strike-slip events in the Barents Sea were related to the opening of the Norwegian-Greenland Seas and the development of the De Geer Shear Zone [Faleide et al., 1984] .
This study aims to elucidate the tectonic evolution of the Swaen Graben by evaluating its geometry and growth with conventional fault-analysis methods. We aim to address the following questions: a) What fault types bound the Swaen Graben and are associated with their formation? b) Is it possible to investigate the history of fault growth and propagation in the Swaen Graben by using conventional displacement analysis tools? c) Did the faults in the Swaen Graben entirely form under an extensional regime? Did late stage strike-slip movements affect the faults in the study area? d) Assuming the occurrence of strike-slip faults in the Swaen Graben, when did they form and what is their importance to the regional tectonics of the SW Barents Sea?
To address these questions, we use displacement data to infer the fault-growth geometries [e.g., Muraoka and Kamata, 1983; Nicol et al., 1996; Cartwright and Mansfield, 1998; Ferrill and Morris, 2001; Xu et al., 2010] . Displacement plots are applied to investigate fault nucleation, propagation, segmentation and linkage in the study area [e.g., Cartwright and Mansfield 1998; Baudon and Cartwright, 2008; Walsh and Watterson, 1987; Peacock and Sanderson, 1991; Mouslopoulou et al., 2007; Pochat et al., 2009; Thorsen, 1963; Omosanya and Alves, 2014; Omosanya et al., 2015; Mattos et al., 2016; Mohammedyasin et al., 2016] . Importantly, we emphasize the role of the Swaen Graben as a key accommodation zone for displacement transfer between two adjacent sub-basins [SSB1 and SSB2] , an observation of great relevance in the context of regional fault activity in the Barents Sea.
Geological setting
The Swaen Graben and all the surrounding structural elements are located on the Barents Sea Shelf [ Figure 1 ]. The Barents Sea represents a large epicontinental sea in the northernmost Europe and covers an area of approximately 1.3 million km 2 , with an average water depth of 300 m [Faleide et al., 1984; Doré, 1995] . In detail, the Swaen Graben is bounded by two opposing normal faults that roughly trend east-west [ Figure 1 ]. The Loppa High and the Bjarmeland Platform bound the Swaen Graben to the west and east, respectively. The Norvag and Samson Domes are located to the north and south of the study area, respectively [ Figure 1 ].
The Caledonian Orogeny dominated the tectonic evolution of the western Barents Sea at approximately 400 Ma [Faleide et al., 1984; Gernigon et al., 2014; Johansen et al., 1994] . The occurrence of the important NE-SW structural fabrics in the southwestern Barents Sea reflects the influence of the Caledonian Orogeny [Doré, 1991; Johansen et al., 1994] , which deformed the crystalline basement of the western Barents Sea from the Late Silurian to the Early Devonian [Faleide et al., 1984; Gudlaugsson et al., 1998 ]. The proto-Atlantic extension in the west, opening of the Euramerican Basin to the north, transpression, transtension, and opening of the NorwegianGreenland Sea in the Cenozoic [Brekke and Riis, 1987; Doré, 1991 Doré, , 1995 Breivik et al., 1998; Breivik et al., 2002; Dengo and Røssland, 2013; Worsley 2008] later influenced the present-day tectonic configuration of the Barents Sea.
The oldest Paleozoic successions in the study area were deposited over a metamorphic basement that is dominated by Caledonian structures [Doré, 1991 and Johansen et al., 1994] . The oldest strata in the Barents Sea were deposited during the Svalbardian tectonic event, which involved phases of transtension and transpression during the Devonian, and in association with Carboniferous to Permian rifting Gudlaugsson et al., 1998 ]. Continental rifting during the Late Paleozoic was synchronous with the collapse of the newly formed Caledonian Orogenic belt and the progressive break-up of the Pangea supercontinent [Doré, 1995] . Thus, the Paleozoic strata in the Barents Sea include carbonates, coal, evaporites and siliciclastic rocks because marine sedimentation prevailed during the Late Paleozoic [Doré, 1995; Heafford, 1988; Gudlaugsson et al., 1998 ]. During the Triassic, the entire SW Barents Sea was isolated from other Central European Basins [Doré, 1995] , although high subsidence and sedimentation rates continued across the Barents shelf. By the Middle-Triassic, the entire Barents Shelf was under marine conditions [Smelror et al., 2009 and Worsley, 2008] , with most of the southern to western shelf comprising an oscillating but generally northwest-prograding coastline. In such a setting, sand was at first sourced from the Baltic shield, and later increasingly from the Urals during the Early to Middle Triassic [Worsley, 2008; Fleming et al., 2016] . The Late Triassic was characterized by the extensive westward progradation of nearshore and coastal depositional environments. Prodelta shales dominated throughout most of the southwestern Barents Shelf during this period [Smelror et al., 2009; Worsley, 2008] .
The northward propagation of the Atlantic rift system during the Middle Jurassic to Early Cretaceous created a marine connection across the western margin of the Barents Shelf [Smelror et al., 2009] . The Middle and Late Jurassic were dominated by regional extension in the SW Barents Sea. Relatively minor strike-slip fault systems also developed during the Jurassic . Overall, the Mesozoic Era recorded regional subsidence with the formation of large interior sag basins throughout the Barents Sea [Dore 1995; Glørstad-Clark et al., 2010] . Marine sedimentation was ubiquitous and was dominated by the deposition of thick continental-shelf sequences that consisted of marine shales, siltstones, and sandstones [Dalland et al., 1988 and Glørstad-Clark et al., 2010] . Differential loading during this period triggered tectonic tilting and salt diapirism [Gernigon et al., 2014 , Mørk et al., 1999 and Worsley, 2008 . In addition, the uplift of the Northern Barents Sea during the Early Cretaceous was associated with a major volcanic episode along the Kong Karls Land, Franz Josef Land and adjacent offshore areas [Worsley, 2008] [ Figure 1 ]. This magmatic event was contemporaneous with the inception of continental break-up and opening of the Arctic Ocean [Smelror et al., 2009] .
During the Late Cretaceous, rifting in the North Atlantic led to the reactivation of normal faults along the western margin of the Barents Sea, which was accompanied by local compression and uplift on the Svalbard Platform [Faleide et al., 1984 [Faleide et al., , 1993 . Successive rifting episodes during the Cretaceous thus led to rapid subsidence and the development of major deepwater basins such as the Harstad, Tromsø, Bjørnøya and Sørvestsnaget basins [Faleide et al., 1993] . The Late Cenozoic development of the Barents Sea shelf was dominated by extensive regional uplift and erosion [Faleide et al., 1984; Knutsen and Larsen, 1997] . The erosion and re-deposition of sediment are thought to have been particularly intense during the Pleistocene glaciations [Øvrebø and Talleraas, 1977; Doré, 1995; Omosanya et al., 2016; Mattos et al., 2016] .
Data and methods
The data that were used for this study include two-dimensional [2-D] and new threedimensional [3-D] seismic reflection data alongside four industry wells. The new 3-D seismic data cover an area of approximately 1,840 km 2 on the Bjarmeland Platform and Swaen Graben [ Figure 1 ]. The inline and crossline spacing for the seismic cube was ~19 m and ~12.5 m, respectively, and the recording lengths and vertical sampling rates were 4500 ms and 4 ms, respectively. With a dominant frequency of 40 Hz and an average velocity of 2500 m/s as estimated from the borehole data, the vertical and horizontal resolutions were ~15.6 m and ~12.5 m, respectively. Furthermore, two 2-D lines were used to locate the study area in the context of the Barents Sea's regional geology [ Figures  1 and 2 ]. All the seismic sections were displayed by using the normal American Society of Exploration Geophysicists [SEG] convention for a zero-phase wavelet. An increase in acoustic impedance with depth is a peak or a positive reflection, which are represented as black reflection on seismic sections. Relative decreases in acoustic impedance with depth are shown as negative or red reflections. A regional correlation panel was compiled across four [4] wells in Figure 3 to define lithology and ages of the interpreted horizons. The analyzed wells included 7225/3-1, 7224/6-1, 7224/7-1 and 7125/4-1.
The seismic interpretation included horizon and fault mapping, fault-displacement analysis, and seismic-attribute analysis. Nine surfaces that were tied to formation tops in the available wells were interpreted across the entire cube. Apart from the seabed, the eight horizons were named H1 to H8 [Figures 3 to 9] . Based on these horizons, the study area was further divided into seven main stratigraphic units, which range in age from Carboniferous to Cenozoic. The seismic attribute "variance" was used as an initial tool for fault identification and mapping. Variance is the direct measurement of the dissimilarity of seismic traces. Variance maps convert a volume of continuity into a volume of discontinuity, highlighting structural and stratigraphic boundaries [Brown, 2004] . On variance attribute maps, faults represent trace-to-trace variability and are mapped as high variance coefficient features.
Fault propagation and evolution were assessed by using fault-displacement analyses. The displacement plots that were used for this purpose included the maximum displacement [D max ] versus fault length [L] to understand the fault scaling relationship. Displacement-depth plots [D-z] were used to assess fault initiation, interaction, reactivation by dip-linkage and modes of fault propagation in cross section. Displacement-distance plots [D-x] were used to understand fault growth, segmentation and linkage along strike view. Fault throw was measured as the vertical separation in milliseconds two-way travel time [ms TWTT] between the footwall and hanging wall cut-offs of an interpreted horizon, in seismic sections that were perpendicular to the fault strike. The maximum errors of the throw measurements were estimated to be fixed and equivalent to the vertical sampling interval of 4 ms TWTT. The sampling interval determined the accuracy when matching two correlative seismic reflection peaks or troughs, not the vertical stratigraphic resolution, as is sometimes assumed [see comments in Baudon and Cartwright, 2008; Ze and Alves, 2017] . When the horizons are easily tied across faults, the correlation error in the throw measurement is eliminated. The errors of the fault drag were eliminated by excluding the trim area from the fault cut-off points [see Whipp et al., 2014; Wilson et al., 2013] .
Results

Interpreted horizons and seismic units
The horizons that define the principal units in this work are shown from Figures 2 to 9. Horizons H1 to H3 were not penetrated by well 7224/6-1 and thus, were interpreted based on their amplitude characteristics. Their ages were established based on the regional geology. Horizon H1 is a component of the Ørn to Isbjørn Formations, i.e., the top of the regional carbonate platform and build-ups in the Barents Sea [Larssen et al., 2002; Glørstad-Clark et al., 2010; Alves, 2016] . The regional stratigraphic correlations that were published in Mattos et al. [2016] The oldest unit in the study area is Unit 1, which is delimited by H1 to H2. The upper portion of Unit 1 shows low-to high-amplitude continuous seismic reflections, whereas its lower portion shows high-amplitude wavy and mounded reflections, which are interpreted to be carbonate buildups. Hence, the lowermost unit in the study area is interpreted as part of the Carboniferous Falk to Ørn Formations [ Figure 3 and 4]. Based on the regional correlations, the top of Unit 2 and the base of Unit 3 are either Early Triassic or Late Permian in age. Unit 3 comprises medium-to high-amplitude continuous seismic reflections [ Figure 2 ]. Horizon H3 marks the top of Unit 3 and is represented by the Snadd Formation, which consists of thick shales that laterally change into interbedded shales, siltstones and limestones and carbonate-cemented sandstones that were deposited from the Ladinian to the Early Norian [Dalland et al., 1988] . Well 7224/6-1 does not penetrate the entire unit and, so, the lithology and age of its basal strata could not be precisely determined.
Unit 4 corresponds to the interval within horizons H6 and H5. Horizon H6 corresponds to the top of the Fuglen Formation, which consists of mudstones with interbedded thin limestones and was deposited during a marine highstand that was contemporaneous with tectonic activity from the Callovian to Oxfordian [Deegan and Scull, 1977, Dalland et al., 1988] [Mattos et al., 2016] . The Kolmule Formation consists of dark gray shales that are interbedded with sparse intervals of siltstone and sandstone and were deposited in an open marine environment from the Aptian to Middle-Cenomanian [Dalland et al., 1988; Deegan and Scull, 1977; Omosanya et al., 2015] . . Unit 7 consists of interbedded claystone, siltstone and sandstone that were deposited in bathyal to glacial marine environments from the Early Miocene to the present [Deegan and Scull, 1977] .
Interpreted faults
The faults in the study area showed normal offsets on the seismic sections [ Figures 7 to 9 ]. On the variance time-slices, the faults showed low variance coefficients [ Figure 5a ]. Hence, we could consistently follow and interpret the faults along the strike by combining the seismic sections and variance time slices. Structural maps that show the plan view geometry of the faults were generated by tracing the faults on the variance time slices [Figures 5b to 5d ]. The forty-two faults that were interpreted in this work include those that offset the Permian to Early Cretaceous units i.e., Horizons H1 to H7. The fault orientations are NE-SW, NW-SE, WNW-ESE and NNW-SSE [ Figure 6 ]. Most of the interpreted faults are clustered in the northern section of the study area, dividing the Swaen Graben into two sub-basins called SSB1 and SSB2 [ Figure 5 ]. Fault F14 separates SSB2 from the Bjarmeland Platform, where fewer faults were interpreted [ Figure 5 ].
The interpreted faults were further categorized into four fault types based on their perceived geometries on the seismic sections and TWTT structural maps. Type 1 faults were the longest faults that bounded sub-basins SSB1 and SSB2 in the study area [ Figures 5b to 5d ]. These faults are segmented laterally and possibly represent strike-slip faults. Examples of Type 1 faults include F5, F14, . Type 2 faults were initially likened to pop-up structures, which are common for restraining bends along strike-slip faults. At the Early Cretaceous level, strata that were associated with this fault type appeared to be shortened, with the H6 to H7 strata mildly uplifted relative to the underlying Triassic intervals . Type 2 faults are common along the southern margin of SSB1, e.g., F10, F16, and F26. The Type 3 faults on the seismic sections were synthetic with a general NE dip direction, suggesting that these faults comprise Riedel shears that formed at angles from 20 0 to 30 0 to F16 and F18. These Type 3 faults include F21 and F23. The upper tips of the Type 3 faults are truncated by H7, while the lower tips are limited to the Triassic strata [ Figures 8d and 9b] . Type 4 faults, including F33 and F37 [ Figure 9 ], are found on the Bjarmeland platform, usually with their upper tips truncated by H6, i.e., the base of the Early Cretaceous strata [ Figure 2 ]. These faults that do not extend above H6 and can be described as isolated beyond H2 because they show no interaction with other faults in map view [ Figure 5 ]. Additionally, these faults are geometrically decoupled because their propagation is restricted to the H2-H6 strata [ Figure 9 ].
Fault-displacement analyses
Maximum displacement [D max ] vs. fault length plots were used to understand how the fault geometry varied over different length scales for the forty-two faults [ Figure 10 ]. The D max vs. Length [L] plots were estimated from horizons H2 to H7. The majority of the interpreted faults had a D/L ratio between 1:100 and 1:1000. The coefficients of correlation 'R' between the maximum displacement and fault length ranged from 0.35 to 0.52. R2, which is the coefficient of determination for the faults, ranged from 0.13 to 0.27. The values of the exponent for the power law ranged from 0.50 to 0.87 [ Figure 10 ]. Furthermore, representative faults among each of the fault types were used for the D-x plots. In Figure 11 , the plots are shown from H2 to H7. While single and isolated faults are depicted on D-x profiles as a nearly symmetric slope, faults with abrupt displacement variations indicate the linkage of individual segments through the displacement minima [Muraoka and Kamata, 1983; Walsh et al. 2003 ].Type 1 faults such as F14 had very complicated D-x profiles. For H6 and H7, the profiles were skewed C-type profiles, combining into three to four segments with maximum displacements of approximately 140 m. In contrast, more segments than those of the shallower horizons characterized the profiles for F14 from H2 to H5. The individual segments had similar D-x profiles to C-type profiles of Muraoka and Kamata [1983] . However, the profiles were M-types at the fault tips, changing F14 into a skewed C-M profile from H5 to H2 [ Figure 11a ]. Furthermore, the direction of the skewness for the profiles changed from the top to the bottom horizons and from one tip to the other [ Figure 11a ]. Conversely, the Type 2 faults had more segments than the Type 1 faults. Each segment displayed Ctype profiles except on H6, where the profile for F10 was skewed.
The maximum displacement across the interpreted horizons reached 450 m [ Figure 11b ]. The D-x plots for the Type 3 faults were only estimated on H6 and H7 [ Figure 11c ]. The plots showed simple profiles including C-type and skewed C-type profiles. For the Type 4 faults [e.g., F33], the D-x plots had much simpler profiles, being less segmented relative to the other fault types and generally characterized by both C-and M-type profiles [ Figure 11d ]. Thus, faults with simple D-x plots thus were less segmented along their strike. The maximum displacement on H6 and H7 may coincide with the point of fault nucleation. H6 to H7 delimits the Early Cretaceous strata and thus probably indicates the timing of fault nucleation.
The Displacement [D]-depth [z] plots for all the faults along their strikes provide a simple to complex history of fault nucleation and propagation. For all the plots, the position of D max varied from H6 to H3 and H2 [ Figure 12 ]. The majority of the faults had their d max at H6 signifying that most of the faults probably nucleated during the Early Cretaceous [ Figure 12 ]. The Type 1 faults had the most complicated profiles, showing marked variations in the D-z plot along with strike variation. At the two tips of the faults, F14 had hybrid profiles that consisted of two segments [ Figure 12 ]. For the Type 2 faults [F10], the central position was characterised by upwardly skewed C-type profiles, in contrast to the M-type profiles at the tips. On the other hand, the Type 3 faults had simple M-type profiles, with the position of d max restricted to H6 [ Figure 12 ]. Here, the maximum displacement reached 40 m. Although the D-z profiles were mostly M-type profiles, we could consider some of them as skewed Mtype profiles. Furthermore, the Type 4 [F33] faults generally showed an upward increase in displacement and were skewed towards d max [ Figure 12 ].
Discussion
Geometry and growth history of the faults within the Swaen Graben
The scale relationships of faults within the Swaen Graben were first compared to values from previous studies [e.g., Muraoka and Kamata, 1983; Walsh and Watterson, 1987; Peacock and Sanderson, 1991; Dawers et al., 1993; Schlische et al., 1996] . The general relationship between the maximum displacement [D max ] and fault length [L] was assumed to be D max =cL n , where the exponent value, "n", can range from 0.5 to 2.0 [Walsh and Watterson, 1988; Gillespie et al., 1992; Cowie and Scholz, 1992; Dawers et al., 1993; Schlische et al., 1996; Fossen and Hesthammer, 1997] . Self-similar faults usually have an exponential value of n=1 while faults with scale-dependent geometry are generally characterized by n value that is not equal to one [Kim and Sanderson, 2005] . The value of c is an expression of fault displacement over a unit length. For a linear scaling, c is simply the ratio d max /L when n=1 [Kim and Sanderson, 2005] . The constant c mainly depends on the rock properties [Walsh and Watterson, 1987; Mansfield and Cartwright, 1996] . The values of the parameters for the fault-scaling relationships have been investigated on normal, thrust and strike-slip faults. For example, thrust faults have slightly higher values from 0.02 to 0.1 [Kim and Sanderson, 2005] . This fault-scaling law implies that isolated faults that transect a rock with uniform properties i.e., with a constant value of c should retain a constant D/L ratio as they grow [Cowie and Scholz, 1992 and Dawers et al., 1993] ]. The rock properties, types of faults, slip/propagation histories, segmentation and linkage, and reactivation are some of the factors that control the D max /L ratio. Here, the marked variations in the value of n are attributed to the complex of evolution of the faults vis-à-vis fault segmentation and linkage.
The D-x and D-z plots implied the complex lateral and vertical segmentation of the faults. The history of fault growth in terms of nucleation, propagation, segmentation, linkage and reactivation was assessed from these two plots. The D-z plots in Figure 11 shows that the faults within the Swaen Graben can be classified into [a] those with simple growth histories [e.g., Types 3 and 4] and [b] those with polycyclic histories [Types 1 and 2]. In terms of fault nucleation, the Types 1 to 3 faults had their d max on H6, which could be the point of fault nucleation if the effect or influence of fault segmentation and mechanical heterogeneity was neglected. The position of d max can migrate from the faultnucleation site because of interaction with other faults or the presence of mechanical barriers [e.g. Cowie, 1998; Peacock, 1991; Schultz, 2000; Omosanya and Alves, 2014; Omosanya et al., 2015 Omosanya et al., , 2016 . In contrast, the Type 1 faults had variable points for d max, i.e., from H2 to H6 signifying their complex history of nucleation and interaction. The preponderance of d max within the H6-H7 strata therefore implies an Early Cretaceous age for fault growth, which coincides with Cretaceous rifting in the Barents Sea [ Figure 3 ]. This hypothesis is further supported by the burial of most all the interpreted faults by the Late Cretaceous strata. Additionally, the syn-kinematic strata interpreted from H5 to H6 suggested that some of the faults could have nucleated during the Late Jurassic.
Apart from fault nucleation, the geometry of the D-z plots offers insight into the faultpropagation history through either isolated or coherent models [Tvedt et al., 2013] . Although, the use of throw profiles to characterize fault propagation histories requires significant assumptions because faults can transition between blind and syn-sedimentary activity [Childs et al., 1993; Meyer et al., 2002; Nicol et al., 1996] . Nonetheless, the D-z plots for the Type 4 faults showed a distinct upward increase in displacement with depth, signaling propagation through syn-sedimentary activity. This phenomenon was also true for some sections of the Type 1 to 3 faults. Only the lower segments of the Type 1 and 4 faults showed radial or blind propagation [ Figure 12 ]. The upward increase in displacement indicates syn-sedimentary activity, while the faults with centralized d max indicate the radial fault propagation of the fault tips [Omosanya and Alves, 2014; Omosanya et al., 2015; Mohammedyasin et al., 2016] . The combination of both blind and syn-sedimentary activity on a single fault thus indicates a polycyclic history. Additionally, the dominant the M-type profile of Type 3 faults signifies frictional resistance to fault growth at the tips [Muraoka and Kamata, 1983] . Evidence for the reactivation of faults is indicated by displacement minima [D min ] on F14 [ Figure 12 ]. Reactivation occurred through dip-linkage, which occurs when initially isolated fault sets coalesce into a single coherent structure by accumulating displacement over time. Dip-linkage is marked on D-z profiles by displacement minima that connect discrete segments of a fault [cf. Mansfield and Cartwright, 1996; Omosanya and Alves, 2014; Mohammedyasin et al., 2016] .
Lateral fault linkage and segmentation were more complicated than those along the dip [ Figures 5 and 11] . The D-x plots varied from simple to complex. For example, the Type 1 and 4 faults had fewer segments than the Type 2 faults. The D-x plots were also characterized by multiple positions for d max from H2 to H7. Individual segments on the D-x plots had centralized d max position or C-type profiles, indicating radial propagation. In contrast, the M-type profiles were located at the farthest tips of the Type 4 faults [ Figure 11 ]. C-type faults are characteristic of homogeneous incompetent materials, whereas M-types are representative of faults that cut through a rigid unit [Muraoka and Kamata, 1983] . Astonishingly, the location of d max for Type 1 faults varied from deeper stratigraphic levels to shallower ones, producing three distinct segments with different d max from left to right. The d max position was to the right from H7 to H6, at the center for H5 and to the left for H2-H4 [ Figure 11 ]. This variation or anisotropy in skewness [a] also indicates the complex evolution of the faults and [b] suggests that the faults coalesced in both the vertical and lateral directions, signifying oblique slip along the fault plane.
Geometric evidence for strike-slip movement in the Swaen Graben
Three distinctive structures were analyzed to provide evidence for strike-slip movement within the Swaen Graben. These structures include [a] kinematic indicators of strike-slip faults, such as the horsetail sigmoidal geometry from F21 to F24, e.g., Dooley and Schreurs, [2012] and Schreurs [2003] [b] flower or pop-up structure in F11, F12 and F14; and [c] relay zones between the sub-basins SSB1 and SSB2, from F18 to F14. The first evidence for strike-slip faulting in the Swaen Graben is the sigmoidal horsetail geometry of splay faults that are associated with F18 [Type 1 fault] in map view. These faults are generally oriented NE-SW, curving away from F18 like an imbricate fan, and formed on the footwall of F18 [ Figures 5 and 13] . Horsetail faults are second-order faults that initiate at the around-tip damaged zone in plain view and are mainly observed in strike-slip systems [McGrath and Davidson, 1995; Kim et al., 2004; 2003; Mouslopoulou et al. 2007; Zampieri and Massironi, 2007; Choi et al. 2016] . Damage zones are classified into three major categories; along-fault or -wall damage zone, around-tip or tip damage zones and linked damaged zone [Fossen et al., 2005; Childs et al., 2009; Choi et al., 2016] . As second-order faults, horsetail splays form from fault-tip propagation through the sediments. Their fault traces can be parallel to strike-slip components [Mode II tip] and/or perpendicular to dip-slip components [Mode III tip] in relation to the main slip sense [Atkinson, 1989; McGrath and Davidson, 1994; Kim et al., 2004; 2003; Dooley and Schreurs 2012; Choi et al. 2016] . The sigmoidal shape of the horsetail faults developed because of variations in the displacement sense or block rotations between the master faults and thus can be used as kinematic indicators for strike-slip movement [Kim et al., 2003; Dooley and Schreurs, 2012] . Horsetail splay faults can form within either the footwall or hanging-wall of major faults, revealing the direction of fault propagation in cross sections. The horsetail geometry signifies downward propagation when these features form within the footwall and upward propagation when they form within the hanging wall [McGrath and Davidson, 1995; Friedman and Logan, 1970] . Hence, the horsetail geometry on the footwall of F18 indicates downward fault propagation and strike-slip movements for faults F19-F24 [ Figures 13 and  14] . However, the 'lazy' S shape of the horsetail structure indicates oblique slip motion with sinistral transtensional components for F18 and the other Type 3 faults [ Figures 13 and 14] . Therefore, these Type 3 faults are second-order faults with mixed modes of II and III fault propagation.
The second evidence for strike-slip faulting in the study area is the presence of pop-up structures within the hanging wall of F14 [ Figures 14 to 16 ]. The splay faults that are associated with F14 include F11 and F12 and are marked as uplifted block that create positive flower structures in the seismic sections [ Figures 15a and 15b] . We systematically mapped these pop-up structures by using the time slices from 980 ms to 1152 ms to interpret several small faults that are oriented to the NE-SW. The interpreted flower structure showed a relief that decreased toward the southern section of F14, resembling a fan-like geometry in the seismic sections [ Figure 15 ]. Additionally, the H6-H7 strata showed variable thickness on both sides of F14 from north to south. F14 was interpreted as a transpressive strike-slip fault based on its nearly vertical geometry in Figure 15b , the opposite sense of displacement for the splay faults in its upper sections and the associated pop-up structure. Alternatively, the interpreted pop-up structures might actually be extensional faults with oblique-slip or evidence for mild-inversion at the upper section of F14. However, we stick to interpretation of this feature as a pop-up structure because of the uplifted H6-H7 strata and the monocline within the strata between H7 and H8 [ Figures 15a and 15b] .
The two principal sub-basins that were identified within the Swaen Graben are disparate units in map view at shallow depths. We mapped the geometry of the boundary faults by using the maps and discovered that the sub-basins SSB1 and SSB2 merged at depths from approximately 970 TWTT ms to 1820 TWTT ms [ Figures 13 to 16 ]. This geometric relationship provides evidence for a relay zone between F18 [SSB1] and F14 [SSB2], which presumably transferred displacement across the two sub-basins. Walsh et al. [1999] defined a relay zone as the rock volume between kinematically related fault segments. Here, a relay zone was interpreted at the center part of the Swaen Graben, where F14 overlaps with F18 [ Figures 13 and 16] . Relay zones are the products of several segments of extensional structures that interact and develop at the overlapping zone of two normal faults in a rift system [Acocella et al. 2005; Peacock et al., 2000; Giba et al., 2012] . As the displacement in the relay zone increases, the strain in the transfer zone increases until it reaches a critical value, where the relay zone is eventually breached by normal faults [Soliva and Benedicto, 2004; Childs et al., 2009; Giba et al., 2012; Morley et al., 1990] . Variations in displacement within the overlapping zone can form high-angle transfer faults with strike-slip components [McClay and White, 1995] . In the study area, several minor or subfaults were identified in the relay zone [ Figure 16b ] and are therefore interpreted as transfer or strike-slip faults that developed between F14 and F18.
A conceptual model for the evolution of the faults within the Swaen Graben is presented in Figure 17 . The sub-basins SSB1 and SSB2 within the Swaen Graben were delimited by strike-slip faults along their boundaries. At the boundary between sub-basins SSB1 and SSB2 was F18, which is a left-lateral transtensional fault associated with extensional horsetail splay faults while F14 is a sinistral transpressional faults that bounds sub-basin SSB2 and the Bjarmeland Platform. These two sub-basins are linked by transfer faults at the relay zone signifying that the faults in the Swaen Graben developed as extensional faults that were reactivated at the boundaries as strike-slip faults. The pop-up structures in Figures 14 and 15 provide evidence for the uplift of the H7-H8 strata and Late Cretaceous uplift because of lateral movements. Evidence for Late Cretaceous faulting is also shown through the Type 4 faults, which are buried beneath the H6-H8 strata. The preponderance of d max positions at the H6 level and the syn-sedimentary activity that is shown by the majority of the faults signify that most of the faults initiated during the Late Jurassic to Early Cretaceous. Hence, extensional tectonics dominated the study area during the Late Jurassic to Early Cretaceous, corresponding to a regional rifting event in the Barents Sea during this time [cf. Faleide et al., 1993a [cf. Faleide et al., , 1993b . Strike-slip or lateral movement in the Swaen Graben was here dated to the Late Cretaceous and perhaps extends to the Early Paleogene. First, as a corollary of the overall structuring of the Hammerfest Basin and Asterias Fault Complex by extensional deformational style and strike-slip reactivation in Late Jurassic to Early Cretaceous [Sund et al., 1986 , Gabrielsen and Faerseth 1989 . Berglund et al. [1986] identified compressional strike-slip faults and flower structures in the Asterias Fault Complex. The strike-slip faulting in these locations and, by proxy, the Swaen Graben is associated with gravity-induced movements and the rotation of regional fault blocks around a vertical or horizontal axis [Moretti et al., 1988; Ziegler et al., 1986; Gabrielsen and Faerseth 1988, Gabrielsen et al., 1990] . The gravity-induced transverse movement of the Hammerfest Basin towards the Tromsø Basin during the Late Cretaceous and the Early Cenozoic reactivated the faults in the Asterias and Troms-Finnmark Fault Complexes. During this movement, strike-slip movements were recorded along the southern Loppa High and Bjørnøyrenna Fault Complex [Ziegler et al. 1986; Berglund et al., 1986; Gabrielsen and Faerseth, 1988] . In addition, salt halokinesis in the Svalis Dome, Tromsø Basin, Samson Dome, and Hammerfest Basin may have been added mechanisms that caused the strike-slip faulting in the Swaen Graben. Salt diapirism in the Tromsø Basin occurred probably during the Late Cretaceous to Late Cenozoic [Spencer, 1984; Nilsen et al., 1995] while Late Cretaceous to Early Paleogene salt-movement was recorded in the Samson Dome [Breivik et al., 1995; Mattos et al., 2016] . We propose that far-field stresses due to halokinesis could cause extensional faults in the Swaen Graben to reactivate in a lateral movement at the boundary of the SSB1 and SSB2. Hence, regional stresses that were coeval with the rotation of the Hammerfest Basin to the west and halokinesis in surrounding basins presumably caused the extensional boundary faults of the Swaen Graben to reactivate in strike-slip mode during the Late Cretaceous. We have no evidence for Early Paleogene faulting in the study area. Nonetheless, Early Paleogene strike-slip faulting could have been recorded in adjacent basins. Importantly, these transpressive and transtensive movements represent localized tectonic aberration that occurred prior and intermittently with the North Atlantic rifting.
Conclusions
This paper investigated the growth and types of faults within the Swaen Graben by using highresolution three-dimensional [3-D] seismic reflection data and four wells. The main conclusions from this work are summarized as follows:
 Seismic interpretation facilitated the mapping of forty-two faults in the study area, which were further categorized into four fault types based on their geometries along seismic sections and maps. Based on the spatial distribution or fault clusters, the Swaen graben could be categorized into a southern sub-basin [SSB1] and a northern sub-basin [SSB2].  Displacement plots showed that the interpreted faults have complex along-strike and alongdip profiles, which reflect their complex evolution, interaction, segmentation and linkage. Two major episodes of faulting were identified based on the displacement plots and fault interactions with the Cretaceous sediments.  During the first episode of faulting, the majority of the faults in the Swaen Graben nucleated at the Jurassic and Early Cretaceous interval and propagated through syn-kinematic activity concomitantly with Jurassic to Early Cretaceous rifting. A second phase of faulting include strike-slip movements, which started in Late Cretaceous and perhaps continued into Early Paleogene interacting with regional extension and North Atlantic rifting in Cenozoic. Strike-slip faulting during the second phase in the study area is tied to regional Mesozoic tectonics and halokinesis that affected most part of the SW Barents Sea in Late Cretaceous.  In the Swaen Graben, the strike-slip faults are sinistral transpressional and transtensional faults in sub-basins SSB2 and SSB1. On the maps and seismic sections, strike-slip faults in SSB1 is geometrically revealed by extensional horsetail splay faults that were associated with its eastern margin whereas a positive flower structure is observed on the eastern boundary of SSB2. A third and minor class of strike faults are subfaults or transfer faults at the relay zone between SSB2 and SSB1, which linked the two sub-basins since the Late Cretaceous. [2016] . The dashed red line in the figure corresponds to the location of the correlation panel in Figure 4 .
Figure 3: Summarized lithostratigraphic column of the Southwestern Barents Sea, which shows the ages, lithology and regional tectonic events that characterized the study area and surrounding basins from the Paleozoic to the present. The main horizons that were interpreted in this study were horizons H1 to H8. The formations of interest included the Carboniferous Ørn Formation to the Cretaceous Kolmule Formation. Based on Mattos et al. [2016] and Omosanya et al. [2015] .
Figure 4: Regional chronostratigraphic correlation across the wellbores in Figure 1a . Wellbore 7224/6-1 was located in the Swaen Graben, while the other wellbores were used for regional correlations of the deeper horizons. The wireline log in the figure is the gamma ray log. On the seismic section, the structure is revealed uplifted blocks on the footwall of F14 and is interpreted as a positive flower structure in this work. An alternative interpretation is considered to include mild inversion of normal faults in response to the left-lateral movement along F18. See Figure 14c for the locations of the seismic sections. Figure 16 : Geometrical evidence for strike-slip movement in the Swaen Graben, which include the presence of an interpreted pop-up structures, releasing bend, horsetail splay faults, relay zone and stepovers. The pop-up structure in Figure 15 is attributed to the contraction of the faults blocks at F14 in response to sinistral movement along F18. The map is a 3-D view of the structural map for Horizon H6. The sub-faults are transfer faults that link the faults at the relay zone. Figure 17: [a] Conceptual diagram that show the different fault types in the study area and the evidence for strikeslip movement in the Swaen Graben. F14 is a strike-slip fault that formed probably at a restraining bend, which resulted in the formation of the associated flower structure. F18 is a strike-slip faults that is characterised by extensional horsetail splay faults at its tip. Both faults are linked by transfer faults at the relay zone.
[b] 3-D view of the interpreted fault types in the Swaen Graben. The vertical exaggeration is 5.
[c] Regional stress regime and tectonic activities prevalent during the Late Jurassic to Early Cenozoic [Modified after Gabrielsen and Faerseth, 1988] .
